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ABSTRACT 



The objective of this thesis is to obtain an understand- 
ing of the variation in stress on the cardinal axes of a 
circular penetration with elliptical reinforcements in a 
simulated stiffened cylindrical pressure vessel. The size 
and location of the circular penetration is such that the 
continuity of one of the ring frames has been destroyed. 

The biaxial compressive loading of a pressure vessel has 
boon obtained by superimposing the stress distribution obtained 
on the free boundary with a loading parallel to the ring frames 
representing hoop stress and the stress distribution obtained 
with a loading at right angle to the ring frames representing 
longitudinal, stress. 

By a systematic variation of the reinforcement geometry 
and the weight of reinforcement material, the relationship 
between the stress concentration factors, geometry, and weight 
of material has been investigated. 

The photoelastic method of experimental stress analysis 
was chosen as the means of carrying out the investigation. 

The standard crossed circular polariscope was used in studying 
the isochromatic fringe patterns. 

The two dimensional models were constructed with PS~5 
material from Photolast ic, Incorporated. All models were built 
upon a basic foundation of 4" x 4" x i" material with a 
central li ,! diameter circular hole. 

The effects of the various geometries and weights of 
reinforcement were investigated by using three basic families 
of geometrical shapes in which a sequence of five steps in 
the reinforcement thicknesses we re made for each family. 

For the particular series of geometries investigated, 
the best geometry for the reinforcement is the circular family 
which consisted of models 3, 6, 9, 12, and 15* Tnis series 
shows the lowest stress concentration factors for a given 
thickness or weight of reinforcement material. 
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A comparison was made between the stress obtained by a 
strain 3=150 and the stress obtained by pnotoelastic analysis 
The result showed close agreement between the two techniques 
of experimental stress analysis. 

The complicated interrelationships of all the variables 
that ultimately specify the geometries associated with a 
penetration in a stiffened cylindrical pressure vessel 
indicate that today each specific configuration must bo 
analyzed on an individual basis. 

To attempt to interrelate such parameters as pressure 
vessel thickness, frame size, frame shape, frame spacing and 
penetration size in order to obtain an all inclusive design 
procedure for optimum reinforcement would appear to require 
an extensive model testing program. These results might 
then serve as a basis from which to devise design procedures 



Thesis Supervisor: 



«J . Harvey L vans 



Title: 



Professor of Naval Architecture 



ACKNOWLEDGMENTS 



The author is s-incerely grateful, for the guidance as 
thesis supervisor of Professor J. Harvey Evans, Department 
of Naval Architecture and Marine Engineering, and as 
advisor of Professor "'William M. Murray, Department of 
Mechanical Engineering. 

The author v:ould like to express his appreciation to 
Professor Evans for suggesting this area of investigation 
by use of the techniques of photoelasticity, and to 
Professor Murray for his advise on photoelastic materials 
and techniques and for permission to use the equipment of 
the Experimental Stress Analysis Laboratory. 



— 4 - ** 



TABLE OF CONTENTS 



TOPIC 

TITLE PAGE 
ABSTRACT 

A C MO tfLEDSEMENTS 
TABLE OF CONTENTS 
INDEX OF FIGURES 
INDEX OF TABLES 
LIST OF APPENDICES 
NOMENCLATURE 

I INTRODUCTION 

II PROCEDURE 

III RESULTS 

IV DISCUSSION OF RESULTS 

V CONCLUSIONS 

VI RECOMMENDATIONS 

VII APPENDICES 



PAGE 

1 

2 

4 

5 

6 

7 

9 

10 

12 

16 

19 

28 

32 

33 

34 



5 .. 



INDEX OF F IG URES 



F IGUR E NUMBER T OPIC PAGE 

I BOUNDARY FRINGE ORDERS VS POSITION FOR MODEL ONE 20 

II BOUNDARY FRINGE ORDERS VS POSITION FOR MODEL TWO 21 

III SCF VS NO. OF CIRCULAR REINFORCEMENT THICKNESSES 22 

IV SCF VS NO. OF SMALL ELLIPTICAL REINFORCEMENT THICKNESSES 23 

V SCF VS NO. OF LARGE ELLIPTICAL REINFORCEMENT THICKNESSES 24 

VI SCF VS NUMBER OF REINFORCEMENT THICKNESSES 23 

VII AMOUNT OF MATERIAL VS SCF WITHIN L'.CH FAMILY 26 

VIII AMOUNT OF MATERIAL VS SCF WITH MODEL THREE AS BASIS 27 

IX PHOTOGRAPHS OF PO LARI SCOPE AND ASSOCIATED APPARATUS 42 

X SCHEMATIC DIAGRAM OF A CROSSED CIRCULAR POLARISCOPE £3 

XI LIGHT FATHS THROUGH A PLANE POLARISCOPE 44 

XII MODEL FRAME HOLDER 57 

XIII LOAD CELL/STRAIN INDICATOR CIRCUIT 62 

XIV CALIBRATION OF LOAD CELL TO 5000 lbs 63 

XV CALIBRATION OF LOAD CELL TO 1000 lbs 64 

XVI FRINGE ORDER VS p/D RATIO 73 

XVII FRINGE PATTERNS FOR CALIBRATION DISKS AND MODELS 1 AND 2 87 

XVIII FRINGE PATTERNS FOR TV/O REINFORCEMENT THICKNESSES 88 

XIX FRINGE PATTERNS FOR THREE REINFORCEMENT THICKNESSES 89 

XX FRINGE PATTERNS FOR FOUR REINFORCEMENT THICKNESSES 90 

XXI FRINGE PATTERNS FOR FIVE REINFORCEMENT THICKNESSES 91 

XXII' FRINGE PATTERNS FOR SIX REINFORCEMENT THICKNESSES 92 

XXIII FRINGE PATTERN AND STRAIN GAGE 93 

- 6 - 







I 

i 









TABL E NUMBER T OPI C 

I BASIC MODEL DESCRIPTION 

II JO/D CELL CALIBRATION DATA 

III FRINGE CONSTANT CALIBRATION READINGS 

IV AVERAGE LOAD/DIAMETER RATIOS FRO BOTH DISKS 

V WEIGHTS OF COMPONENTS TO MAKE UP THE MODELS 

VI 'WEIGHTS OF MODEL REINFORCEMENTS 

VII WEIGHTS OF MATERIAL ADDED OVER THE INTACT CASE 

VIII SUMMARY OF DATA FOR MODELS ONE AND TWO 

IX SUMMARY OF DATA FOR CIRCULAR REINFORCED MODELS 

X SUMMARY OF DATA FOR SMALL ELLIPTICAL REINFORCED 
MODELS 

XI SUMMARY OF DATA FOR IARGE ELLIPTICAL REINFORCED 
MODELS 

XII SUPERPOSITION OF LOADINGS FOR MODELS ONE AND TWO 

XIII SUPERPOSITION OF LOADINGS FOR CIRCULAR REINFORCED 
MODELS 

XIV SUPERPOSITION OF LOADINGS FOR SMALL ELLIPTICAL 
REINFORCED MODELS. 

XV SUPERPOSITION OF LOADINGS FOR LARGE ELLIPTICAL 
REINFORCED MODELS 

XVI MODEL THICKNESSES 

XVII SUMMARY OF STRESS LEVELS FOR CIRCULAR REINFORCED 
MODELS 

XVIII SUMMARY OF STRESS LEVELS FOR SMALL ELLIPTICAL 
REINFORCED MODELS 

XIX SUMMARY OF STRESS LEVELS FOR LARGE ELLIPTICAL 



PAGE 



61 

71 

72 

74 

75 

76 

77 

78 

79 

80 
81 

81 

81 

82 

82 



83 



83 



REINFORCED MODELS 



83 



TABLE NUMBER 



TOPIC 



PAGE 



XX SUMMARY OF STRESS LEVELS FOR ALL MODELS 






LIST OF APPZNDIC 



APPEN DIX 



TOPIC 



PAGE 



A 



B 



C 



D 



supplementary introduction 55 

1. Fundamentals of Photos last 1c if y 35 

2. The Folariscope and the Photoelastic Effect 38 

3. The Polar! scops Alignment and Use A 7 

4. The Free Boundary Effect 48 



DETAILS OF PROCEDURE 50 

1. General 50 

2. Preparation and Construction of the Models 50 

3* Model Configuration 54 

4. Loading 55 

5« Load Cell Calibration 59 

6. Determination of the Fringe Order 85 

7 . Properties of P3~5 66 

8. Determinat ion of the Material Fringe Constant 67 

SUMMARY OF DATA AND CALCULATIONS 74 

1. Geometry and Weights of Components 74 

2. Fringe Order Data 77 

3« Comparison of Photoelastic and Strain 

Gage Stress 85 

ORIGINAL DATA 86 



E 



REFERENCES 



94 









I 






NOI- SSCLATUH B 

A - A Photoelastic Constant of the Material 
a - The Amplitude of Light Vibration 
B ■* A Photoelastic Constant of the Material 
C - The Differential Stress Optical Constant or 
The Compression Region 
D - Diameter 

E - Modulus of Elasticity 

f - Fringe Constant of the Photoelastic Material or 
Frequency of Vibration 

h - Thickness of the Photoelastic Material 
n - Order of Interference 

N - Refractive Index of Unstressed Material 

o 

K-j_ - Refractive Index on Number One Principal Plane 

K T 2 ~ Refractive Index on Number Two Principal Plane 

P - Proportionality Factor of 2irf 

PS-5 -• Manufactures Designation of the Photoelastic Material 

S - A Light Vector 

SCF ~ Stress Concentration Factor 

T - Tension Region 

t - Time 

t-^ - Time Required for Transmission on the No. 1 Principal Plane 

tg - Time Required for Transmission on the No. 2 Principal Plane 

V - Velocity of Transmission in the Surrounding Medium 
Vj - Velocity of Transmission on the No. 1 Principal Plane 

Vg ” Velocity of Transmission on the No. 2 Principal Plane 



10 - 



«*• - Angle Between the Original Plane of Vibration and the 

No. 1 Principal. Plane 

S, - Change of Refractive Index on the No. 1 Principal Plano 
S z - Change of Refractive Index on the No. 2 Principal Plan--' 
07 - The Algebraically Larger Principal Stress 

(£ - The Algebraically Smaller Principal Stress 

Of - The Tangential Principal Stress Along a Free Boundary 
0^. - The Normal Principal Stress Along a Free Boundary 

- Micro strain 



11 









1 



I. I NTHO DUC T 1 0 N 



The presence of a circular hole in a flat plate loaded 
in its ov.' n plane results in an increase of the stress 
concentration. If the hols is small compared with the' lateral 
dimensions of the plate its effect on the stress distribution 
will be nearly local. A finite plate with lateral dimensions 
several times greater than the hole diameter is of adequate 
size. The effect of a suitable reinforcement of the hole is 
to decrease this stress concentration so that when the stress 
in the plate is nowhere to exceed a given value the presence 
of the reinforcement results in a decrease in the necessary 
weight of the structure. The design of a reinforcement is 
therefore an important problem when the weight of the structure 
must be as low as possible, as, for example, holes in pressure 
hulls of submarines. 

The object of this thesis is to obtain an understanding 
of the stress variation around a circular penetration with 
elliptical reinforcements in a framing system subjected to a 
loading that is representative of that present in a pressure 
vessel. A pressure vessel was simulated by loading the model 
in line with the framing system to represent hoop stress, and 
then turning the model ninety degrees and applying naif the 
loading so as to represent longitudinal stress. 

The ratio of the superimposed stresses on the vertical 
and horizontal axes of the free inner circular boundary is 
considered to be a stress concentration factor that indicates 
the efficiency with which the reinforcement material nas been 
utilized. Ideally all the components of a structure work at 
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similar stress levels so there is no wasted material 
capabilities . 

In recent years the advancing technology in several 
areas has required hardware in which large penetrations 
have been needed in a stiffened cylindrical pressure vessel. 
Most of these applications have been in systems that are 
weight limited with regard to the amount of material that 
can be placed in the structure itself, thereby detracting 
from the desired payload of the vehicle. Even with the 
advent of high strength-to-welght ratio structural materials, 
the need for optimizing the geometry of reinforcement is 
important so that the material is utilized in the most 
efficient manner. 

The photoelastic stress analysis technique was chosen 
for this investigation since it provides a means of 
determining the stresses in two-dimensional problems that 
cannot be solved analytically. The results obtainable have 
an accuracy in irregular members that is comparable to the 
results obtained with precise strain gage techniques. In 
the process of developing a satisfactory design, photoelastic 
analysis provides a means of readily obtaining qualitative 
results for the locations of minimum and maximum stresses 
and for the determination of changes in stress distribution 
caused by minor alterations in the shape of the model. 

To permit the use of two-dimensional photoelasticity, 
the assumption that the radius of the pressure vessel is 
relatively large with respect to the frame spacing has been 
made. Small radii cylinders would probably require the use 
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of three-dimensional phouoclastic analysis. Tnis technique 
requires the freezing of the stresses in the rodel and. then 
subsequently cutting the model apart in order to view the 
stress patterns. 

This thesis is an effort to snow, through two-dimensional 
photoelastic analysis, the effect of reinforcements in a 
biaxial loading condition. 

In order to investigate the effect of reinforcements 
that formed part of a simulated stiffened cylinder, three 
families of geometrical shapes for the reinforcements were 
used. These reinforcements were added to three basic models. 
Each of these three basic models were Identical with regard 
to intact ring frames and the circular hole. Each model 
was built up from a four inch by four inch square foundation 
piece that was one quarter inch thick and had a one and one 
quarter inch diameter hole in the center. Each model to 
which the reinforcements were to be added had two strips to 
represent ring frames cemented to each side near opposite 
edges of the models. 

The geometrical variation in the reinforcements to be 
cemented in way of the central hole all had an inside 
diameter of one and one quarter inches to match the foundation 
piece hole. The systematic variation of the outer edge of 
the reinforcements consisted of three ratios for the major 
to minor axes of an ellipse. The ratios used were one to 
one (a circle), one and one quarter to one, and one and one 
half to one. All these reinforcements were 0.080 inches 
thick. They were cemented to their respective foundation 
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piece and analyzed in five steps which consisted of 2, 3, 
4, 5 and 6 thicknesses. For further description of the 



models 



see Appendix B. 
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II. PROCEDURE 



The primary objective of this thesis is to investigate 
the stress distributions around a circular penetration 
that is of sufficient size that it has resulted in a 
discontinuity in a ring frame of a stiffened cylindrical 
pressure vessel. The photoelastic models v.'hich contain 
this penetration include the two immediately adjacent 
simulated ring frames. The specific stresses of interest 
on this interior free boundary are those on the horizontal 
and vertical axes. The vertical axis is the axis parallel 
to the framing system. The specific values used in determining 
the ratio of the stresses on these two axes are the average 
of the two values on each individual axis. 

It was not. necessary to determine the stress levels 
within the model as the region of interest was the interior 
free boundary which will be the highest stressed material. 

The need to determine the isoclinic pattern of the model 
was therefore unnecessary. On any free boundary, the 
principal stress perpendicular to the boundary is zero, so 
only the tangential principal stress is present. The 
isochromatics on the edge represent the principal stress 
rather than the difference in principal stresses. 

The isochromatic pattern was observed in a standard 
crossed circular polariscope using polarized light with 
a dark field. A more detailed discussion of procedure 
and photoelastic techniques is found in Appendix A and B. 

The models were machined from Photolastic Inc. PS-5 
material using the high speed cutter in the Ship's 



16 - 



Structures Laboratory. Aluminum templates to guide this 
cutter were made using larger plywood templates on a 
pantograph. A more detailed discussion of the steps in 
the preparation and construction of the models is contained 
in Appendix B. 

Each model was placed in the loading frame described 
in Appendix B in which uniform compression was applied to 
the model on the upper and lower edges. The force applied 
to the model in line with the ring frames was twice the 
force applied on the other two edges when the model was 
turned ninety degrees. 

This two to one force balance was a simulation of the 
relationship of hoop stress to longitudinal stress in an 
unstiffened pressure vessel . The loads for model number 
one were 1,000 pounds and 500 pounds. For the other models 
this ratio of two to one was obtained using 700 pounds for 
the hoop loading and 350 pounds for the longitudinal 
loading. There was somewhat of a trade off in the loading 
values. Too high a loading in line with the frames makes 
the estimation of fractional fringe orders extremely 
difficult while too low a loading in line with the frames 
w’ould give only a few fringe orders when this value is 
halved for the loading perpendicular to the frames. 

Buckling was not a problem with the models since the 
sensitivity of PS-5 results in adequate fringes at a 
moderate . load . 

The need to estimate the fringe orders to the nearest 
one-quarter order led to the use of Polaroid Type 55 P/N 
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film which gives both a positive and a negative. The 
negative was projected on a screen with an overhead 
projector so as to magnify the fringe pattern as an aid 
to accurate determination of the fractional fringe orders 
on the circular hole axes. The values of the fringes on 
the axes and the respective stress levels are given in 
Tables VIII to XI and XVII to XX of Appendix C. The 
photographic records of the fringe patterns are in Append.ix 
D in Figures XVII to XXII. 

To determine the fringe constant for the material, 
two disk compression specimens were machined. The fringe 
constant is a function of the material and the wavelength 
of the monochromatic light source. Mercury green light 
was used in this experiment. 

A more detailed discussion of the determination of 
the fringe constant is given in Appendix B. 
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IV. DIS CUSS ION O F R ESUL TS 

In an experimental investigation of any sort, the 
accuracy of the results depend upon the accuracy of the 
raw experimental data and its interpretation through 
analysis. The end result of the analysis of these photo- 
elastic models is a stress concentration factor which 
represents the degree to which the reinforcement materia], 
has been distributed so as to be utilized in the most 
efficient manner. 

The use of polaroid film which produces both a positive 
and a negative has aided the determination of the fringe 
orders at the points of interest. A magnification of 
over ten was obtained by projecting the negatives onto a 
screen for analysis. This magnification effect was necessary 
in order to resolve the small changes that resulted from 
each additional thickness of reinforcement on a basic 
family of models (ie. the circular reinforced family, etc.) 
and among the three families of models with the same 
number of reinforcement thicknesses. 

The negatives became progressively more difficult to 
analyze as successive layers of reinforcement were cemented 
to each of the three basic geometrical shapes. There were 
several likely contributing factors that Increased the 
difficulty of analysis. Any slight deviation from perfectly 
parallel light through the model due to imperfections in the 
grinding of the lens system of the polariscope would cause 
distortion of the fringes. As the thickness of the model 
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increased with successive reinforcement thicknesses the 
distortion became progressive]}' worse. The glue layers 
and some small entrapped air bubbles tended to reduce the 
light transmission and thereby degrade the contrast of the 
photographs. Finally the slight misalignment of successive 
reinforcement rings tended to obscure the boundary fringe 
pattern . 

By enlarging the negatives and taking into consideration 
the rate of change in fringe spacing as the free boundary 
was approached 3 the determination of the fringe order on 
the four cardinal axes was estimated to the nearest one 
quarter order. The higher the order at the point in question 
the more difficult the analysis of fractional fringe orders. 

One quarter order corresponds to an accuracy of t 5% for 
five fringe orders or £ 2.5^ for ten fringe orders. This 
accuracy is further impaired by the analysis problems 
mentioned above. The overall accuracy in the stress 
concentration factors is felt to be within ± 10f o when 
considering all possible detrimental effects in the experiment. 

The experimental results for models one and two have 
been plotted to show fringe order versus angular position 
around the entire free boundary of the circular hole. These 
plots in Figure I and II show the hoop and longitudinal 
loadings individually and then the superposition of the 
two . As expected the stress is compressive around the free 
boundary in the simulated pressure vessel. 

The stress concentration factor for model one was at 
3*72. The addition of the four strips of material that 



represent the ring frames in model two reduced this stress 
concentration factor by a significant amount to 2.38. 

This indicates a considerable assumption of the load, by 
the ring frames through shifting the load away from the 
circular hole when hoop loaded. 

The results of the main sequence of experimental 
investigations are plotted in Figures III through VIII.. 

These figures are for the fifteen different models which 
made up the three families of basic geometrical shapes in 
v/hlch a sequence of fj.ve steps in the reinforcement 
thicknesses were made for each family. The stress concen- 
tration factors versus number of reinforcement thicknesses 
for each of the three basic families of reinforcement shapes 
are plotted individually in Figures III through V, and the 
three combined in Figure VI.. 

These figures show that of the reinforcement shapes 
investigated, circular reinforcment provides the smallest 
stress concentration factor for any given thickness. 

The stress concentration factors versus amount ( grains ) 
of material in the reinforcements are shown in Figures VII 
and VIII. Figure VII is with the first of the five steps 
in each family as the reference points, while Figure VIII 
has model number three, which was the lightest reinforcement, 
as the reference point. 

Clearly the circular reinforcements provide the least 
weight and lowest stress concentration factors for this 
particular overall geometry of a heavy ring frame stiffened 
cylindrical pressure vessel. 



- 30 ~ 




*1 

II 






The trend in the ratio of major to minor axis in the 
elDiptical shapes indicates that to further approach a stress 
concentration factor of ore would require e?13ptical shapes 
in which the major axis is parallel to the longitudinal 
loading. The closer the stress concentration factor is to 
one, the more uniformity the material is being utilized in 
reinforcing the penetration. 

The framing system of the pressure vessel will affect 
the specific geometry of the reinforcement that will prove 
to be optimum. Each particui.ar frame size, frame spacing, 
and penetration will be a specific situation ana require 
individual experimental stress investigations to optimize 
the usage of reinforcement material. 

Upon completion of the use of the models, a cut was 
taken to true up the inside of the small elliptically 
reinforced model to permit mounting a strain gage on one 
side of the horizontal axis. The model was then loaded in 
line with the frames and the stress level determined by 
both the photoelastic technique and the strain gags. 
Surprisingly, those values gave stress levels that differed 
by only about 1 %. This result showed a remarkable degree 
of agreement in the two techniques of experimental stress 
analysis . 
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V. COMCLL S lOKo 

For the particular series of geometries investigated} 
the best type of reinforcement, is the circular family 
which consisted of models 3> 6, 9, 12 and 35* This series 
shows the lowest stress concentration factors for a given 
thickness or weight of reinforcement material. The lower 
the stress concentration factor, the mere uniformly the 
reinforcement material is being utilized. 

The problem investigated here has been the reinforcement 
of a circular hole in such a way that it is as nearly as 
possible equivalent to the structure without the hole. A 
perfect equivalence would mean that the stresses and 
displacements of the structure would remain the same as 
those v.’hich would have appeared without the hole. 

The trend in the relationship between geometrical 
shape and the stress concentration factor indicates that 
the likely orientation for a stress concentration factor- 
closer to one would be obtained with an ellipse having the 
major axis perpendicular to the ring frames for this heavily 
stiffened cylindrical pressure vessel. As heavy ring 
frames tend to carry more of the hoop loadings it becomes 
necessary to provide additional reinforcement material to 
carry part of the longitudinal loading if it is desired to 
have uniform peak stresses on the cardinal axes. 

A comparison of the photoelastic and strain gage 
techniques of experimental stress analysis has shown very 
close agreement between the two methods. 
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VI . RECOtolESDATIOWS 



The results of this investigation indicate that further 
photoelastic analysis in this general area may be beneficial. 
Since the complicated geometrical nature of stiffened 
cylinder frame and reinforcement interactions apparently 
preclude theoretical analysis, a recommended area of study 
that might will have preceded this investigation would be 
to investigate a sequence of geometrical reinforcements in 
a simulated pressure vessel loading without ring frames. 

The superposition technique for representing the biaxial 
loading would be used. These results would, then be uncluttered 
by ring frame sizes and spacing and might very well serve 
as a beginning step in ultimately devising design procedures 
relating all parameters. 

The complicated interrelationships of all the variables 
that ultimately specify the geometries associated with a 
penetration in a stiffened cylindrical pressure vessel 
indicate that today each specific configuration must be 
analyzed on an individual basis. 

To attempt to interrelate such parameters as pressure 
vessel thickness, frame size, frame shape, frame spacing and 
penetration size in order to obtain an all inclusive design 
procedure for optimum reinforcement would appear to require 
an extensive model testing program. These results might 
then serve as a basis from which to devise design procedures. 
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APPENDIX 



A . SUrFI EMEJT /' RY If TRODUGT lON 
1. F un dame- n t a 1. 3 of Pho toe last ic it y 

Many transparent materials such as glass, bake life, and 
most other synthetic resins display the same double-re Tract, ing 
optical effect on a beam of light as a crystal vrhen these 
materials are subjected to stress. Examination cf these 
stressed materials under polarized light reveals colored 
patterns which are caused by the optical retardation of the 
light passing through the material. The retardation depends 
on the nature and intensity of the stress. Upon removal of 
the load, the double refraction disappears. The stress optical 
calibration factor (fringe constant) is obtained for the 
specific material, from a geometrical shape and loading for 
which the theoretical stress distribution is known. 

For normal incident light on a flat plate subjected 
to plane stress vrithin the elastic limit, the light transmission 
follows two principles which form the basis for photoelastic 
stress analysis. Those two principles are: 

(1) When light is transmitted through a stressed 
photoelastic material, it is polarized into tv;o components 
at right angles to each other and is transmitted only on the 
planes of principal stress. 

(2) The velocity of transmission in each principal 
plane of stress is dependent on the magnitudes of the 
principal stresses in these two planes. 

For the case of light which is. traveling in the normal 
direction to the plane of a sheet of photoelastic material 
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which is subjected to a condition of pla ? stress, wo have 
the following quantitative relationship between the stress 
and the optical effect in terms of the change of index of 
refraction caused by the presence of the stress; 

c>! = Nf - N 0 = A CT^ B (T~ (1) 

$ 2 ~ N 2 " N 0 = B cr i '' A °~2 ( 2 ) 

where : 

- Change of Refractive Index on No . 1 Principal Plane 

- Change of Refractive Index on No. 2 Principal Plane 
N q - Refractive Index of Unstressed Material 

Np ~ Refractive Index on No. 1 Principal Plane 
N^ - Refractive Index on No . 2 Principal Plane 
<T~p ~ The Algebraically larger Principal Stress 
(jg - The Algebraically Smaller Principa.1 Stress 
A & B - Photoelastic Constants of the Material 

By subtracting equation (2) from equation (1), one finds 
that the difference between the refractive indices on the two 
principal planes is: 

N 1 - N 2 = C( (Tp - 0 ~ 2 ) (3) 

where: 

C - The Differential Stress Optical Constant 
When light passes from one medium into another of 
different density, a change in velocity results. The ratio 
of these two velocities is called the index of refraction. 

By dividing the velocity of light in the first medium by the 
velocity of light in the second medium we obtain the two 
re lat io n s hip s : 



Si 



So- 



N- 



N 0 = (A - B ) ( 



cr 

i 



- 3S 



N} = V/Vx and N 2 =■ V/V 2 (4a, b) 

whore : 

V - Velocity of Transmission in the Surrounding Medium 
Vi - Velocity of Transmission on the No. 1 Principal 
Plane of Stress 

V 2 - Velocity of Transmission cn the No. 2 Principal 
Plane of Stress 

B;y substituting equation (4) into equation (3) v:e have: 



Ni - s 2 = Y_ _ Y_ _ mZ-.-J.ll 

'll Vg ' VjV2 



C( (T x - d*2 ) 



Therefore : 




cr 2 



v / V2_^_V a 

C \ V ]_V 2 



( 5 ) 



Thus the differences 3n the velocities 
in the planes of the principal stresses is 
directly proportional to the difference of 
stresses ( - (T^* 



of transmission 
seen to be 
the two principal 
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2. The Po lar .'scop e and the P hotoel as t : lc R f feet 

The optical system most frequently used to produce 
the necessary polarized beams of light and to interpret 
the photoelastic effect in terms of stress is called a 
polariscope. A standard crossed circular polariscope v.'ith 
the components arranged to provide a dark field in which the 
black isochromatics correspond to zero and Integral orders 
was used in this investigation. The polariscope consisted 
of a monochromatic light source, collimating lens, polarizer, 
quarter wave plate, photoelastic model, quarter wave plate, 
analyzer, field lens, monochromatic filter, projection lens, 
and a viewing screen to which a Polaroid 4" x 5 " film holder 
Model 500 was attached. The physical arrangement of these 
components w as as shown in Figures IX and X. 

The relationship between the optical effects and the 
stresses existing in a model may be obtained by analyzing 
the passage of light through a plane polariscope. Light 
from the source is plane-polarized by the polarizer, then 
revolved by the model into two components in the directions 
of the principal stress axes. Y/hen the principal stress 
intensities are not equal, the velocity of transmission on 
one principal stress plane will be different than on the 
other principal stress plane. This difference in velocities 
will cause a phase difference between the two component 
vibrations as they emerge from the model. 

The phase difference is proportional to the difference 
of the principal stresses and is measured by introducing a 
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polarizing device called the analyzer. The analyzer brings 
part of each component vibration into interference in a 
single plane. 

Consider a source of monochromatic light at normal 
incidence on a photoelastic model. When the monochromatic 
light has passed through the polarizer, the vibration is 
confined to a single plane in the direction of and with 
amplitude proportional to OA in Figure XI. This light 
may be represented by the equation: 

S = acos(pt- ) (6) 

where : 

S -- The Light Vector 
a -• The Amplitude of Vibration 
p - Proportionality Factor of 2tt f 
f - Frequency of Vibration 
t - Time 

When the light reaches the photoelastic model, its 
plane of vibration will usually not coincide with either 
principal plane of stress. Since the stressed model can 
only transmit light on the principal planes, the original 
vibration will be resolved into components as it enters 
the model. These components are: 



ac o s ( pt ) c o s ^ 


Parallel 


to 


the 


No . 


1 Principal 


Plane 


(7) 


acos (pt )sin 


Parallel 


to 


the 


No. 


2 Principal 


Plane 


(8) 



where : 

- The Angle Between the Original Plane of Vibration 
and the No. 1 Principal Plane 
If ana t2 are the times required for transmission on 
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the No. 1 and No. 2 principal pianos respect. i vely, then 
the two component vibrations leaving the p ho too 1 as tic 
model will be: 

acos^cos p(t»t 1 ) Parallel to No. 1 Principal Plan. (9) 

asin°o cos p(t-t 2 ) Parallel to No. 2 Principal Plane (10) 

The two vibration components leaving the model will 
have a phase difference, p(t^ -• t 2 ) which can be shown to 
be proportional to the difference between the principal 
stresses. Let h represent the thickness of the photoelastic 
model along the path of light transmission, then: 

= h/V^ and t 2 = h/V 2 (lla,b) 

then: 

t i ■ t 2 “ h (h ~ h) = h < 12 > 

Rewriting equation (5) a s 



C( <r. 



1 0~ 2 ) - . Vl V 2 

and combining ’with equation (12) we obtain 

H •• g = r- < r i - (r s ) 



V 



(Vp - V,) 



(13) 



The phase difference, p(t-]_ - t 2 ), of the light waves 
leaving the model is seen to be directly proportional to 
the difference between the principal stresses ( O' ^ - O - ^). 
The phase difference is also proportional to the model 
thickness h and to the material and surrounding medium 
optical constant C/v. 

By placing the analyzer in the proper position, the 
phase difference of the two waves can be determined by the 
interference effects of their components in the plane of 
the analyzer. When the plane of the analyzer transmission 
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is at. right angles to the polarizer plane of transu isslon, 



the components of the two vibrations leaving the photoelastic 
model that will be transmitted by the analyzer will be 
given by the equations: 



The two component vibrations lie in the sane plane so 
they may be combined algebraically to give the following 
equation for the resultant vibration: 



Thus, the resultant vibration amplitude leaving the 
analyzer, equation ( 17 ), is a function of both the angle <=< 
and the phase difference p(tp - So the resultant is 

affected by both the directions and the difference of the 
principal stresses at each point in the model. 

The intensity of the light transmitted through any 
specific point in the photoelastic model is proportional to 
the square of the amplitude of vibration. A dark spot will 
occur on the model for every point at which: 



The dark points are usually linked together to form 
loci representing one of tw r o possible conditions: 

(1) Isoc li nes - loci of constant principal stress 
direction (when oC is zero or ninety degrees) 

(2) Isoch ro matics - loci of constant principal stress 
difference, ( 6 ~ p - 0~2 ) (when p(tp - tp)/2 is zero 
or nvr where n is an integer) 



and 



acos o'- sin oi cos p(t-tp) 
a sin cos c< cos p(t- ^) 



(14) ' 

(15) 



or 





( 18 ) 
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FIGURE IX 



F KOTO GRAPHS OF POLARISOOP E 
AMD 



ASSOCIATED APPARATUS 
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FIGURE X 

SC HECTIC DIA GRAM O F A STAND A RD C ROS SED CIRCULAR POLAR IF X) 




j£8_ 

~ - 



l/3/m- 




FIGURE XI 



LIG HT PATHS THROUGH A FLAME POLARI SCOPF. 



FLAKE OF TRANSMISSION 
OF THE POLARIZER 




(a) PLANE - POLARIZED 
LIGHT LEAVING 
THE POLARIZER 




axis 



a ^*0 Sp*fc ou S 



a COSpt * SIN <=^ 

(b) LIGHT' ENTERING 
THE MODEL 



ORIGINAL PLANE 
OF VIBRATION 



6 



’z ax 1 s 



(5Taxis 



aCOSc*-COSp(t - t,) 



aSIN«*COSp(t. - tj,) 



(c) LIGHT LEAVING THE 
MODEL (OUT OF PfIASE) 



PLANE OF 
TRANSMISSION OF 
THE ANALYZER 




j/aSIN COS C0Sp (t - t,)- 

L a COS c* SIN oC COSp (t, - t J 

(d) LIGHT LEAVING THE 
ANALYZER 



XrSi3_ 1/3/ 67 
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In the plane polariscope, the isoclinic lines representing 
stress direction end the isochromatic lines, representing 
stress magnitudes are superimposed on each other. In 
monochromatic light the combination of black lines representing 
these two different conditions may be confusing. 

The addition of the two quarter-wave plates to the 
plane pol.ariscope converts the instrument into a circular 
polariscope. The quarter wave plates eliminate the isoclines, 
so that the image consists only of isochromatic lines 
representing stress magnitudes alone. The light beam is 
now circular rather than plane polarized. In selecting 
the quarter wave plates it is more important that they 
match each other than that they correspond exactly to one 
quarter of the wave length of the monochromatic lignt being 
used. If the deviation is the same for both plates, there 
will be no error if they are in opposition because the 
error produced by the first is removed by the second quarter 
wave plate . 

This investigation has been conducted with a standard, 
crossed circular polariscope. The photography has been 
conducted with a dark field in which the quarter wave plate 
axes are also crossed.. With monochromatic light the 
isochromatic lines are shown as dark bands known as fringes 
or orders of interference. Each fringe represents the locus 
of all points having a constant value of principal stress 
difference. This condition can be represented mathmatically 
by rearranging equation (13): 
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where : 

f *• Fringe Constant of the Photoelastic Material with 
Units of ( lbs/ inch/ order ) 
n " Order of Interference 
h - Thickness of the Photoelastic Model 
Materials utilized in photoelastic stress analysis 
display a linear variation between the optical retarda'- ion 
effects and stress magnitude. The change in the difference 
of stresses from one order of interference will be a 
constant . 

The zero order of reference must be determined by 
observing the fringe pattern grow as the load is applied 
to the model. A zero order or point of zero stress remains 
dark at all times and is used as a. reference in interpreting 
the stress pattern. For the purposes of fringe order 
determination, the stress patterns are divided into two 
types: the simple and the complex, A simple stress pattern 
is one in which the fringe of zero order is retained 
regardless of the magnitude of the loads. A stress pattern 
in which the fringe of zero order disappears is of the 
complex type. With the geometry of the models in this 
experiment it was necessary to observe the sources and the 
general growth of the patterns as the load was applied to 
fix a reference order point. On most of the models the 
readily observable zero order regions moved off the mode]. 
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5. The Polarlsc ope Ali gnmen t and Use 

The actual alignment of the polar! scope consisted of 
several steps. The long and the short optical benches 
were aligned by carefully laying out the benches on their 
respective tables and then the tables v.’ith respect to the 
laboratory wall. A tightly stretched thread served as a 
check on the alignment. All components were placed on the 
optical benches as shown in Figures IX and X such that the 
guide ball bearings were all on the same side of the 
tracks. The polarizer and analyzer assemblies wore 
positioned as close to the model as possible. The condensing 
lenses convex side should be towards the model. The 
collimating lens and light source spacing was adjusted so 
that reflected light rays formed as small a point as 
possible (size of light hole) on the light source housing. 

The spacing between the field lens and the monochromatic 
filter was adjusted so that a small image appeared on the 
center of the filter. The smaller aperture in the light 
housing was used for all photography. 

A special plywood adaptor plate was made for the 
polar iscope camera that permitted the uso of a portion of 
the camera attachment and Polaroid Film Holder Model 500* 

This photographic equipment was obtained from the Experimental 
Stress Analysis Laboratory of the Mechanical Engineering 
Department as part of the Photolast ic Inc. Model 051 
Transmission Polariscope. 

The film used was Polaroid Type 55 P/N . This provides 
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f 

both a positive and a negative. The negative was projected 
on a screen to facilitate counting the fringes accurately. 
The exposure t ire was about two to four seconds with the 
small point mercury green source. 

4, The F r e e Boundar y E ffe ct 



The general expression for obtaining the differences 
of the principal stresses at any point in a loaded 
photoelastic model is equation (19): 



At a free boundary, for reasons of equilibrium, only 
one principal stress is present, and it has to be in the 
tangential direction so that equation (19) becomes 

(^=±£a ( ao) 

and 

(T^ = 0 (21) 

where : 



( T" - The Magnitude of the Tangential Stress 
^ y “ - The Magnitude of the Normal Stress 
The plus or minus signs are introduced because the 
tangential stress can be either tensile or compressive. 

In determining the sign of the stresses around s. 
free boundary we can observe that the nature of the stress 
around a boundary remains the same as long as the 
isochromatic or fringe lines remain essentially parallel 
to each other. The sign of the stress at a point can be 
determined by inspecting the geometry of the model and 
observing the manner in which it is loaded. Around an 
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interior free circular boundary, v;e can expect to find four 



isotropic points of zero order due to the geometries 
involved i n the model and its loading. These points 
serve to separate the two tensile and two compress:'. v 
regions on the interior circumference.. 



v.ill 
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B, DET AILS 0 F . PRO Cg-bl] kK 

1 , _ Gone r? 1 

In this investigation, the region of interest is the 
circular reinforced free boundary. Re?.at3ng the weight or 
volume of material, the reinforcement geometry, and the 
efficient utilization of material was done through the 
Stress Concentration Factors. This Stress Concentration 
Factor is the ratio bet ween the maximum and minimum stresses 
that occur on the circular free boundary. 

These stresses are determined by the equation 

(so) 

as previously given. 

2. Pre paration and Cons truct I on o f t he Mode ls 

The general configuration of the seventeen models used 
in this investigation are described in Table I. 

The geometries involved in the components of these 
models was such that several steps were needed to arrive at 
the final shapes of the photoelastic material. 

For the circular and two elliptical reinforcements 
and their individual curved frame appendages three steps 
were followed in obtaining these parts. First a template 
t hree times the desired final size of each of these six 
shapes was made from three-eights inch thick plywood. The 
plywood templates were rough cut to size in the Ship Model 
Shop and then sanded to the exact size. These plywood templates 
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were then used as the guide pattern on a pantograph in a 
Metallurgy Department Machine Shop. To be comparable v; it h 
the desired three to one size reduction ratio a l/8 inch 
end- m3 . 1 and a J>/B inch guide pin were used. On the 
pantograph, templates the same size as the desired finished 
photoelastic material parts were machined from 0.10 inch 
thick sheet aluminum. These aluminum templates were then 
smoothed using a fine gunsmith checkering tool file and 
carborundum water-sand paper of 400 grit. These aluminum 
templates now served as the guides for cutting of the 
photoelastic material!. 

The sheet PS-5 material was rough cut to within 
approximately l/l6 inch of the final d.esired dimensions as 
traced on the protecting paper coverings. The small jig saw 
in the Ship Model Shop v;as used with an ultra fine blade 
obtained from the Ship's Structures Laboratory. Then the 
Chapman High Speed Tungsten Carbide Cutter in the Ship's 
Structures Laboratory was used for the final machining of 
the PS- 5 components. 

The rough cut PS- 5 components were attached to the 
aluminum templates using double sided masking tape. The 
roughing guide was inserted into the high 3peed cutter and 
the parts machined to within 0,007 inch of their final 
dimensions. The finishing guide was then inserted and tne 
models cut to their fina.l size. PS-5 material is not as 
susceptible to chipping and the development of edge stresses 
as some other materials. Care is required in machining small 
parts since the cutter is turning at 45,000 rpm and small 
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cuts must be taken to avoid Grabbing of the cutter. 

The parts were then separated from the templates and 
inspected under 10X magnification on tne Transmission 
Polariscope in the Experimental Stress Analysis Laboratory 
for edge stresses. No edge stresses were noted which 
indicated that the high speed cutter v;as being used with 
light enough cuts. 

In all a total of fifty one different photoelastic parts 
were machined exclusive of the two calibration disks. These 
parts consisted of five four inch square foundation pieces, 
sixteen reinforcing frames of 3/8 x 1/4 x 4 inches, six 
circular reinforcements of two inch outside diameter, six 
elliptical reinforcements with a major axis of two and one 
half inches and a minor axis of two inches, six elliptical 
reinforcements with a major axis of three inches and a minor 
axis of two inches, and three sets of four appendages each to 
fit the contours of tne circular and elliptical reinforcement 
pieces. The fillet radius of these appendages was two inches. 
All foundation pieces and circular and elliptical reinforce- 
ments were center bored to one and one quarter inch diameter. 

A wooden jig was then constructed which would aid in 
the alignment of the components to be attached to each side 
of the three main foundation pieces. This consisted of 
cavities for each of the parts such that two ribs and the 
two contoured appendages on each side could be cemented and 
hold in alignment while the cement set. 

The cement was Lhotolastic, Inc. PC-1 (Clear) with 
hardener PCH-1. This resin cement matches the properties of 
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the sheet materials. It requires twelve hours to cure. 

Groat care is required In measuring out the two ingredients 
so as to maintain the proper relationship of ten parts 
hardener to one hundred parts of the PC-1 resin. To assist 
in the accurate mixing, a Redding Powder and Bullet 
handloading scale was utilised. This scale i.s guaranteed 
accurate to one tenth grain. Very small amounts of cement 
were mixed as it should be used sparingly and only a few 
parts joined at one time. A polished aluminum dowel pin was 
made to aid in the alignment of the reinforcement holes. 

Even v. T ith extensive care in machining and alignment, 
there are visible differences in certain areas on the models. 
These differences are probably the cause of some symmetry 
problems incurred while loading the models. 
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3» Model Conf i air at Ion 

The general configuration of each of tne models is as 
described 3n the following table. 

T ABLE I 

BASIC MOD E L EES CP. I FT I OM 

MODE L NUMBER " ' " COilFIGUR/.l IO N 



1 


Unreinforced Foundation Piece 


2 


Reinforced with Rib Frames on Outside Edges 


3 


Reinforced with One 0.080 1 ’ Circular Reinforcement on 
Each Side 


4 


Reinforced with One 0.080 ,! Small Ellipse on Each Eld 


5 


Reinforced with, One 0 . 080 ,: Large Ellipse on Eacn Sid 


6 


Reinforced with Three Circular Reinforcements 


7 


Reinforced with Three Small Ellipses 


8 


Reinforced with Three Large Ellipses 


9 


Reinforced with Four Circular Reinforcements 


10 


Reinforced with Four Small Ellipses 


11 


Reinforced wit h Four Large Ellipses 


12 


Reinforced with Five Circular Reinforcements 


13 


Reinforced with Five Small Ellipses 


14 


Reinforced with Five large Ellipses 


15 


Reinforced with Six Circular Reinforcements 


16 


Reinforced with Six Small Ellipses 


17 


Reinforced with Six Large Ellipses 



Note: Models 3 through 17 all have the frame ribs on two 

outside edges and the appropriate contoured pieces to 
fit against the particular circular or elliptical 
reinforcements on the holes. 
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4. I. o ad Ins 



In an ideal mu del in which tn-c material distribution is 
perfectly symmetrical, a uniform edge compressive load would 
result in a perfectly symmetrical fringe pattern in all four 
quadrants. This perfect symmetry of material and loading is 
rather difficult to attain. By the use of carefully 
constructed wooden jigs for the cementing process, it was 
hoped to attain accurate joining of the various reinforcing 
components to the basic foundation piece. Then, by the use 
of a piece of small (one quarter inch diameter) round stock, 
the bearing point of the load cell on the upper loading frame 
piece could be adjusted so that the fringe pattern on either 
side of a vertical line down through the center of the model 
could be made symmetrical. This was the ideal pattern desired. 
The attain rent of this was very difficult and time consuming 
due to the high sensitivity of the fringe pattern to the 
position of the round stock under the load cell. 

Any lack of symmetry above and below a horizontal line 
through the center of the model proved to be incapable of 
correction. There wa s no means of adjusting the free 
boundary on the sides to aid in attaining symmetry of the 
fringe pattern. 

As a moans of obtaining the best approximation to a 
uniformly distributed load along the edges under compression, 
this load was transmitted through a layer of several sheets 
of thin cardboard. The reason for the cardboard spacers 
between the photoelastic model and the loading frame pieces 
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is related to the boundary conditions desired. The 
distribution of the stresses 3n pieces of rectangular 
form vrhcn loaded partially in compression depends upon 
the boundary conditions. Even if the two surfaces b ing 
loaded in compression are perfectly plane, the distribution 
of the stresses will not be uniform. Under co ression 
the width of the photoelastic model is increased by about 
one third of the length contraction. On the surface of 
contact, the friction with the aluminum loading fra.me does 
not allow the expansion of the photoelastic material. This 
would introduce a lateral compression on the boundary. 

The best way to obtain a uniform, or nearly uniform 
distribution of the stresses in the model, is to introduce 
a material which does not develop tangential stresses and 
does equalize the normal stresses. Th.se conditions appear 
to be realized by using cardboard spacers. The effect of 
the cardboard is to allow a freer expansion of the boundary 

In addition to aiding with the poisson effect problems 
the cardboard spacers probably also help to distribute the 
load more uniformly. VJhen the loading was applied along 
the edges at right angles to the framing direction, each 
bearing edge was composed of seven different pieces in 
the built up models. Any slight deviation from a perfectly 
uniform edge alignment when cementing the pieces together 
may be somewhat compensated for by the cardboard spacers. 
The loading frame that held the models consisted of two 
identical top and bottom pieces and two alignment rods as 
shown in Figure XII. 
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To attain a perfectly symmetrical fringe pattern v/ith 
all these potential sources of non- uniformity v;as difficult. 

In the f in? 1 analysis, the most uniform pet tern attainable 
vith adjustments to the point of loading was photographed. 

Then the average fringe order of both vertical and both 
horizontal free circular boundary points were used, to 
obtain the stress concentration factor between the horizontal 
and vertical axes. 

Buckling considerations would serve as an upper limit 
to which a photoelastic model should be loaded in compression. 
When a model sta.rted to buckle, the curvature of the model 
surfaces which were originally normal to the direction of 
the light beam would tend to degrade the accuracy of the 
results . 

In this investigation, it was desired to load a model 
along the edges at right angles to the direction of framing 
to represent hoop stress in a cylindrical pressure vessel 
wall. Then the model was turned ninety degrees so that 
the loading was along the edges parallel to the direction 
of framing. The load was reduced to a value to produce 
an edge loading of one half the force applied for the hoop 
loading case. This reduced loading on the other two edges 
is to represent the longitudinal stress in a cylindrical 
pressure vessel wall. The ratio of two to one is strictly 
valid for an unstiffened cylindrical pressure vessel. As 
ring frames are added, these would tend to relieve some 
of the hoop stress level in the pressure vessel wall, but 
only have local effects on the longitudinal stress levels. 
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These square photoelastic models cr.n bo thoug of rs an 
element cut from a pressure vessel . The force balance to 
maintain this element in equilibria! ..ill remain the same 
as ring frames are added. The loading was therefore 
maintained at a simulated two to one force balance on the 
pho t ooi.astic mo de 1 . 



5. Load Gell C ali bration 

The load cell available for this investigation was 
manufactured by the BaDdv/in- Lima-- Hamilton Corporation. 
Since the exterior name plate data was not available, the 
problem became one of calibrating an unknown universal 
load cell. By the physical dimensions it was estimated, to 
be of about a ten thousand, pound capacity and of World War 
II vintage. The color coded wiring established its 
identity as a ELH product with a full Wheatstone bridge. 

After several initial trial gage factor settings on a 
Budd Strain Indicator, the value of 0.60 gage factor v/as 
determined to give a one to one relationship between 
microstrain and pounds. 

By the use of a mechanical balance with two pound 
increments in loading, the linearity of the load cell was 
checked up to a five thousand pound load.ing. 
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LOA D, CELT, 



Ha nu fact urer: 



E'i JJDWIN- LIKA. • HAMILTON CORK'R AT ION 
Serial. Number 5019 

Estimated Capacity: 0-10,000 lbs Tension or 

Compression 



STR AIN I N PICA TOR 



Manufacturer: BUDD COMPANY 

Serial Number 1895 
Model P-350 

Gage Factor Setting 0.60 



BALANC E 

Manufacturer: RIEHLE BROS. 

Serial Number 17079 

Range: 0-10,000 lbs in 2 lb Increments 
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TABLE II 





LOAD CELL CA LIBRA T? 


,;on P&TA 


Ins !iruir.ent 


Increment, 


Compress!’ 


Reading; jvb . 





lbs. 


+ 2909 


0 


0 


+ 2889 


20 


20 


+ 2869 


40 


40 


+- 2849 


60 


60 


+■ 2829 


80 


80 


' -h 2809 


100 


100 


+ 2701 


208 


200 


+ 2601 


308 


300 


+- 2500 


409 


400 


+ 2400 


509 


500 


t 2292 


617 


600 


+ 2198 


711 


700 


+ 2090 


819 


800 


t 1993 


916 


900 


+ 1891 


1018 


1000 


+ 1390 


1519 


1500 


+ 883 


2026 


2000 


+ 382 


2527 


2500 


- 120 


3029 


3000 


' - 615 


3524 


3500 


- 1100 


4009 


4000 


- 1609 


4318 


4500 


- 2108 


3017 


5000 
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Indicates Terminals on Budd Strain 

Indicator 



Full Wheatstone Brid.ge Load Cell 
(Four Active Gages) 

Sensitivity of Load Cell is 0 « 60^c inch/ inch per lb. 



62 - 



n/A/fCL 



CALIBRATION OF 
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LOAD i* LBS. 



6. Pet g rrrinat Ion o ft he ^Fringe 0 r u o r* 



This series of invest igat ions nab conduct 
monochroi. at ic light source. Viith the standard 
circular polariscopo the axes of the polarizer 



od using c 
crossed 
and analyzer- 



are crossed and the fast axes of the one quarter wave plates 
are crossed so as to be in opposition to one another. This 
configuration presents a dark field in which the dark 
lines in the isochromatic pattern correspond to zero and 
integral orders. By merely rotating the axis of the 
analyzr by ninety degrees so that the axes of the polarizer 
and analyzer are parallel we obtain a light field in which 
the dark lines in the isochromatic pattern correspond to 



half orders. 



The fringe order at any particular point is determined 
by locating a point of zero order and counting the fringe 
lines crossed in reaching the point of interest. The zero 
fringe is located by the fact that its position remains 
fixed under all loading levels. With the dark field of the 
standard crossed circular polariscopo, the entire model is 
dark when unloaded. That is, the zero order covers the model. 
As the model is loaded, only the zero order points will 
remain dark and fixed under all loads. All the remaining 
portions of the model will alternately be dark or light as 
the loading level is changed. 

The points of zero order were obtained by observing the 
initial loading of the model and by inspecting the geometric 
fringe patterns around the free inner boundary. There are 
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four points of zero order or isotropic 
free surface that represent, the points 
boundary stress changes iron: a tensile 



point s on the inner 
where the tangential 
to a compressive 



stress. An obser rat ion of the loaned nodal can also bo 
made, with white light to establish which of the fringes 
belong to the zero order since this order will always 



appear black. 

By the process of shifting from a dark field to a 
light field, both the integral and half orders can bo 
observed. Thereby, the accuracy of fractions! order 
estimates may approach one quarter order. Tr o method c " 
plotting the integral fringe orders versus angular position 
around the inner free boundary also will permit a more 
accurate estimate of the fractional order at any point on 
the boundary. This latter method has been utilized for 
model one and two . Both the 1 >op stress and the longitudinal 
stress components have been plotted in this manner and then 
the stresses have been superimposed. 



7. P roperties of PS- 5 

The photoelastic material used in this investigation 
was manufactured by Photolastic, Inc. of Malvern, Pennsylvania. 
The accuracy of the model technique depends upon the quality 
and 'reliability of the mod-’l material. The recent materials 
developed by Photolastic, Inc. give consistent sheets that 
are free of internal stress, have excellent transparency, 
very low time-edge effect and high sensitivity. For the 
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fabrication of built up models, adhesives are available 
v r hich match the properties of the component parts. Careful 
quality control assures that sheet properties are uniform 
from lot to lot. 

PS- 5 material is an epoxy synthetic resin vita the 
following properties listed by the manufacturer: 

Modulus of Plasticity (E) h 50, 000 psi 

Poisson's Ratio (->r) 0.35 

Stress Optical Constant 60 psi/ fringe/ inch 

The estimated tensile strength is 9,000 psi., with the 
yield strength above 3,000 psi. The PS-5 material is about 
twice as expensive as the older CR-39 material, but. the very 
uniform qualities of the PS- 5 material male it better suited 
to detailed photoelastic analysis. 

8. Determ ina tion of the Material's Fri n ge Consta nt. 

The necessity of determining the quantitative 
significance of the isochromatic fringe pattern in terms of 
stress levels is required for any problem in which absolute 
stress values, rather than relative values, are needed. 
Evaluation of the fringe constant "f" is a determination of 
the stress-optic constant of the material. 

The fringe constant represents the change in the 
difference between the principal stresses that will produce 
a change of one order of interference at a given point in a 
piece of material having a unit thickness. 

The fringe constant depends on the type of material and 
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may vary from one lot to another such that It is necessary 
to check the calibration each time a new lot is use'. Tne 
fringe constant also depends on t v e wave length of ttr light 
being used in the experiment. 

The fringe constant vras determined for two monochromatic 
light sources. The normal monochromatic light available 
v, r ith the Polarizing Instrument Company polariscope ir the 
Ship's Structures Laboratory is mercury green with a 
wavelength of 5461 angstroms. This wavelength was obtained 
by using a mercury lamp as a light source and a mercury green 
filter. To allow for the possible use of the Photo] a Stic 
Inc. Transmission Polariscope Model 051 with 1 OX raagnif icat ion 
in the Mechanical Engineering Department's Experimental Stress 
Analysis laboratory, the fringe constant for sodium yellow 
light was also determined. This ’wavelength corresponds to 
the tint of passage at 5893 angstroms. 

In any calibration technique one must select a 
geometrical shape and loading for which the theoretical 
stress distribution is accurately known. Among the common 
calibration specimens are tensile bars, beams under pure 
bending, and circular disks under diametral loading. 

For several reasons a circular disk was selected, as the 
callbrat ion geometry. Among the reasons were that the 
compressive loading of the disk represents the type of 
loading to be utilized throughout the experiments so the 
loading apparatus was used in a consistent fasnion, the ease 
of machining, and that the principal stresses at the disk 
center are known from the theory of elasticity. 
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She fringe order n c at the center of the disk can 
easily b ' observed with a high degree of precision. It is 



not materially affected by any initial edge stress: s. 

Trie re fore the disk provides a. si pie and acc r^"te rears of 

determining the fringe constant of the material in a 

compressive loa,d application. 

From the theory of elasticity for the case of a disk, 

the stresses along the horizontal diameter are given by: 

p 



cr; - <ri = 



23? 


2 

D • 


tt hD 


W ■ 


2P I 


- A 
AD ‘ 


TThD / 


(I) 2 "-! 



( 22 ) 

(23) 



T— = 0 



xy ( 2 1 ) 

at the center of the disk x-0 so these reduce to: 



V hi) 



<h = 2 £ 

Then: 

Therefore 



and 



(r s =,-ez_ 



(25 a,b) 



rr hD 



6~2 = ® p - = n f- 

ThI) Ctl 



8P 



TTJ) n. 



(26) 



The fringe order n c is a linear function of (p/D) and 
is independent of the thickness of the material. 

Two compressive disks from one quarter inch thick 
material of the same lot number as the models were used for 
calibration purposes. These disks were machined to diameters 
of 2.710 inches and 2.395 inches. 

A disk was loaded in compression and the load recorded 
at which each integral order of interference reached the 
center of the disk. After reaching the eighth order the 
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disk v;?s slov/ly unloaded ar. 1 the Doads recorded at which 
the fringes at the center were reoboained. This procedure 
was repeated se\ oral times with both uoreu 'y light and 
sodium yellow monochromatic light. Since mercury light 
was used through out the investigation, only these r«. suits 
are included in Figure XVI. 

The slope of the load P/D versus fringe order n 0 
curve was obtained from the graphs. The fringe constant 
was calculated using equation (26): 



where : 



f 



_8p_ 

7i'Pn c 



(26) 



f - Fringe Constant of the Material (lbs/in/order) 
P/n c ~ Slope of the P versus n c curve (Ibs/order) 

t 

P - Diametral Load on the Disk (lbs) 
n - Order of Interference 
D - Diameter of the Disk (inches) 

Further loading of the disk would not improve the 
accuracy of the fringe constant since the assumption of 
point diametral loading becomes less valid as the disk is 
flattened at the points of load appli.ca.tion. 



TABLE III 



FRINGE C ONSTANT 0.h LJF.R Vn Ox; K.. ( PI nOS 



Monochromatic Light: Mercury 


Green - Va veleng 


bh 5461 Angstroa 3 


Disk Diameter 


1 : 2.710 inches 








Fringe Order 


Strain Indicator 


Readings 


[Average 


| Avg Load 


at Center n n 


Increasing Load 


Decreasin', Load 


j IoQ-d 


1 Diarneter_ 


0 


0 lbs 


0 lbs 


0 lbs 


0 lbs/ 


1 


49 


45 


47 


17.3 


2 


108 


96 


102 


37-6 


3 


166 


154 


160 


59 . 6 


4 


228 


225 


226.5 


83.6 


5 


286 


270 


278 


102.6 


6 


345 


333 


339 


125* 1 


7 


403 


385 


394 


145*4 


8 


464 


464 


464 


171.2 


Disk Diameter 


2.395 inches 








0 


0 lbs 


0 lbs 


0 lbs 


0 .lbs/: 


1 


43 


40 


41.5 


17.3 


2 


87 


78 


82 0 5 


34.5 


3 


144 


140 


142 


59.3 


4 


193 


181 


187 


78.1 


5 


241 


245 


243 


101.5 


6 


295 


296 


295.5 


123.4 


7 


346 


341 


343.5 


143 • 4 


8 


397 


397 


397 


165 . 8 
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TABLfL IV 



FRIN3-F CONST" NT CA1 CL J* ?1 i CIS 



Average Load/Dlr r ter Rat:’ os for Eot.'i_J)i»;ks vs z\-. 
Fringe Or der ( n,, ) Mercury G ree r Ijlght Sodi um Y c.Ilew Light 



0 



0 (P/D) 



0 (P/D) 



1 


17.3 


19.1 


2 


36.1 


41.2 


3 


59.2 


62.0 


4 


80.7 


85.8 


5 


102.0 


108.9 


6 


124.3 


128.5 


7 


144.4 


153.8 


8 


168.5 


177.5 


Plotting of 


mercury green values in Figure 


XVI gives 


slope of the 


n n vs P/D relationship. Sodium 


yellow 



graph Is not included in this thesis but the fringe constant 
is given below. 



Merc ury Green 



8 P _ j3 _ /ap 



tt n D ir \ D 



A n r 



(167-17) T -rr 
TT ( b 



1 _ 



5^.6 



Average Fringe Constant: 54.6 lbs/in/order 
S odium Yellow 

f = —-%? = --- (175-18.5) (J^r) = 57.0 

TT n 0 D TT ' o~ 1 ) 

Average Fringe Constant: 57 . 0 lbs/in/order 
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FIGURE XVI 
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C. SUMMARY OF DATA AD D C ALCUI ■■TTOHG 

1. Ge o metry and We ight s of Comp onen t e 

The deis it y of PS~ 5 material is about 33 ’{ grains per 

cubic incii where 7>000 grains equals one pound. 

The weight and volume of some shapes is as follows: 

Circular hole in base piece volume is - rr( 1. 2 5 (] , 5 ) _ j n 3 

A 

Circular hole in base piece weight is (33.7) (0. 305 ) = 96.6 groins 
Ring frame reinforcement strip is 3/8 x 4 x (0.245) = 0.368 in^ 

Weight of two full reinforcement strips 2 x (O. 368 ) x 33-7 = 233*6 gr. 
Total removed material from models 2 through 17 is 330.2 grains 
Total material removed to obtain a bare base piece is 797*4 
grains. This includes six full length frame strips and the 
center hole. 



Item No . 

1 

2 

3 

4 



5 



6 

7 



TABL E V 

WEIGHTS OF COMPONENTS TO i'AKa UP THE MOD LS 



Discr iptynm 
Ring Frame Reinforcement Strip 
Circular Disk Reinforcement (O.OCO" thick) 
Small Elliptical Reinforcement 
large Elliptical Reinforcement 
Supports For Circular Reinforcements 
Supports For Small Ellipse 
Supports For large Ellipse 



Wei gh t in Grai ns 
116.8 
z :5-3 
65-3 
83*3 
35*0 
27.0 
20.0 



Model numbers 2 through 17 all have two reinforcing strips on 
each side near the outside edge to represent ring frames. 
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The following table shows the manner in which the 
reinforcement weights have been added. 



TA5I E VI 





jmjights op mo DPI, REIKx 


ORCLMEih 


1 s 




odel 


No._ Re inf or cement s Colu ; ;n 1 


Co I u.rrn 


2 Cqlurn 


1 


Foundation Piece Alone 


0 


- 


- 


2 


Four Edge Strips Added 


467.2 


** 




3 


Two Circular Reinforcements 


697 • 8 


0 


0 


4 


Two Snail Ellipses 


70.5. 8 


0 


8.0 


5 


Two Large Ellipses 


713.8 


0 


16.0 


6 


Three Circular Re in f o r c e me nt 


s 743.1 


45.3 


45.3 


7 


Three Small Ellipses 


771.1 


65.3 


73.3 


8 


Three Large Ellipses 


797-1 


83.3 


99.3 


9 


Four Circular Reinforcements 


768.4 


90.6 


90.6 


10 


Four Small Ellipses 


00 


130.6 


138.6 


11 


Four Large Ellipses 


8 80. A 


166 . 6 


182.6 


12 


Five Circular Reinforcements 


833.7 


135.9 


135.9 


13 


Five Small Ellipses 


901.7 


195.9 


203.9 


14 


Five Large Ellipses 


963.7 


249.9 


265-9 


15 


Six Circular Reinforcements 


879.0 


l8l. 2 


181.2 


16 


Six Small Ellipses 


967.0 


261.2 


269.2 


17 


Six Large Ellipses 


1047 . 0 


333.2 


349.2 



3 



Note: Column 1 - Tot 9-1 'weight Added with Model No. 1 as Re fere nc 

Column 2 - Change in Weight within Each Basic Geometrical 
Shape (ie. Models 3, 6, 9, 12, and 15) 

3 - Change in Weight Through the Changing 

Geometrical Shapes (Model 3 as Reference) 
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P 



Column 



T.'BI •}', VXI 



WFTCiMT3_0F. MATERIAL AI^OJjVl.^Trb JTT pr C, 3 



Model Number 


Weight C bariflo In _vr> y o f Ho le ( £ra in ?, ) 


2 


- 330.2 


3 


- 99.6 


4 


- 91.6 


3 


- 83.6 


6 


- 54.3 


7 


- 26. 3 


8 


- 0.3 


9 


- 9. 0 


10 


+ 39.0 


11 


+ 83.0 


12 


+ 36.3 


13 


*+- 104. 3 


14 


+ 166. 3 


15 


+ 81.6 


16 


+ 169.6 


17 


V 249.6 



Note: 1. Intact case is defined as a model with no hole 

and with two ring frame strips on each side over 
the location where the hole would be cut. 

2. Plus sisui indicates material in excess of intact 



case 



2. Fringe O re? '_Ma 



Tno following tables are the results of examining the 
magnified negatives. 



TABLE VIII 

SU MMARY OF DATA FO R 70 D ELS 3 AND 2 



Mode 1 
Kura be r 


Position 


Fringe 

Order 


Model 
N umber 


1 Position 


Fringe 

Order 


la 


000 


6 T 


lb 


000 


9 1/2 C 




090 


16 3 A C 




090 


3 1/2 T 




180 


6 ' T 




180 


9 1/2 C 




270 


16 3/4 C 




270 


3 1/2 T 


2a 


000 


3 1/4 T 


2b 


000 


6 1/2 0 




090 


9 1/2 C 




090 


1 3/4 T 




180 


3 1/4 T 




180 


6 1/2 C 




270 


9 1/2 C 




270 


1 3/4 T 


Note : 


Model number 


one loadings were 


1000 lbs for 


the "la" 




position and 


500 lbs for the " 


lb" position. 


All other 




models were 


loaded at 


700 lbs 


and 350 lbs for the "a" 




position (pa 


rallel to 


the fra ir: 


es ) and "b" po 


sit ion 




(perpendicul 


ar to the 


frames ) 


respect ively . 





C - Compression 
T ~ Tension 
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TABLE XX. 





SUi-^ArtY OX 


.DATA FOR 


ciKcyi/y 


R-Jfi. f'ORCXO 


..4011/1.-: 


Model 

Number 


Bo si lion 


Fringe 

Order 




Model. 

Number 


Posit. j on 


Fringe 

Order 


3a 


000 


5 1/4 


T 


3b 


000 


7 a/2 0 




090 


12 .1/4 


0 




090 


2 1/4 T 




180 


5 1/4 


T 




180 


7 1/2 C 




270 


12 1/4 


C 




270 


2 1/4 T 


6 a 


000 


5 3/4 


T 


6b 


000 


9 C 




090 


X3 


C 




090 


2 3/4 T 




180 


5 3/4 


T 




180 


9 C 




270 


14 


C 




270 


3 1/4 T 


9a 


000 


6 1/4 


T 


9b 


000 


11 C 




090 


18 


C 




090 


3 3/4 T 




180 


6 1/4 


T 




180 


11 c 




270 


15 


C 




270 


l — i 


12a 


000 


5 3/4 


T 


12b 


000 


11 1/2 c 




090 


16 


C 




090 


3 1/4 T 




180 


5 1/2 


T 




180 


11 1/2 C 




270 


16 


C 




270 


3 3-/4 T 


15 a 


000 


6 


T 


15b 


000 


12 C 




090 


14 


C 




090 


3 1/2 T 




180 


6 


T 




180 


11 a 




270 


15 


C 




270 


3 1/2 T 



Goirroressiorij 
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C 



Tens ion 



TABUS X 



SUIttlA 


iRY 0;' J';- T 


\ FOR SMAnj, 


I LIT PTC 


«1_ RFIAFORC- 


M0T;AI 0 


Model 




Fr d ngo 


Model 




Fringe 


Nj-'.mber 


rosltl on 


Orrl e r 


Number 


1 0 s j. t ion 


Order 


4a 


000 


5 1/8 T 


4b 


000 


7 1/2 0 




090 


12 1/2 C 




090 


2 3/2 T 




180 


5 1/4 T 




180 


7 1/4 C 




270 


12 1/2 C 




270 


2 3/4 T 


7a 


000 


5 1/4 T 


7b 


000 


7 3/2 C 




090 


12 0 




090 


3 T 




180 


5 3/4 T 




180 


8 1/2 C 




270 


13 c 




270 


3 1/4 T 


3.0a 


000 


4 3/4 T ' 


10b 


000 


7 1/2 C 




090 


12 1/2 C 




090 


2 3/4 T 




180 


4 3/4 T 




180 


8 C 




270 


13 1/2 C 




270 


3 T 


13a 


000 


4 3/4 T 


13b 


000 


8 C 




090 


13 c 




099 


3 1/2 T 




180 


4 3/4 T 




180 


8 - C 




270 


14 C 




270 


3 1/4 T 


16a 


000 


4 1/2 T 


16b 


000 


8 1/4 C 




090 


12 1/2 C 




090 


3 1/2 T 




180 


5 1/4 T 




180 


8 C 




270 


13 1/2 c 




270 


3 1/4 T 



C - Compress j.on, T - Tension 
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TABLE XI 





SUMMARY OF l 


,TA FOR LftRGL 


3JT,]J3 j 


V ' I.. 


jj i40.DbX‘S 


Model 




Fringe 


Model 




Fringe 


N'inibe 


r J^j^ljr-ion 


Order 


Number 


Position 


Order _ 


5a 


000 


5 3./2 T 


5b 


000 


7 1/2 C. 




090 


12 1/2 C 




090 


2 1/2 T 




180 


5 1/2 T 




180 


7 c 




270 


12 3-/2 C 




270 


2 1/2 T 


8a 


000 


6 f J? 


8b 


000 


7 1/2 C 




090 


13 1/4 C 




090 


3 T 




ISO 


5 T 




180 


8 3./2 C 




270 


13 1/2 C 




270 


3 T 


13 a 


000 


4 3/4 T 


lib 


000 


8 1/4 C 




090 


13 1/2 C 




090 


3 T 




180 


4 3/4 T 




180 


8 1/4 G 




270 


13 c 




270 


3. T 


14a 


000 


4 1/2 T 


14b 


000 


8 c 




090 


14 C 




090 


2 3/4 T 




180 


4 3/4 T 




180 


8 C 




270 


13 c 




270 


• 3 T 


1 ^a 


000 


4 1/4 T 


17 b 


000 


8 1/4 C 




090 


14 C 




090 


3 1/4 T 




180 


5 1/2 T 




180 


8 1/4 0 




270 


14 C 




270 


3 1/4 T 


C - C< 


empress ion, 


T - Tension 
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TABLE XII 





SUP^POSI 


' TOj^ 0] : 


^LOvDH/G'i FOR 


MOi'FJ S 3. ANI 


> 2 


Model 


Average 


Fr in ge 


Order On 


Stress Conce 


Dor 


Number 


Vertical Ax 


Jr He. 


•i sontal /gxis 


Fac 1 ; or 




1 


3 1/2 C 




13 0 . 


3.72 




2 


3 3 /4 C 




7 3/4 C 


2.38 





C - Compression 
T -• Tension 



TABLE XIII 

SUPERP O SITI O N OF LOADINGS FOR CIR CULAR PEI A FO RCED MODEL S 



Model 

Number 


Average Frin ge Or der On 
Vertical 'Axis Horizontal Axis 


Stress Conce: 
Factor 


3 


2 1/4 C 


30 C 


1 

in 

♦ 

—V 


6 


O 

_u 

4 "N* 

X 

( — i 
hA 


10 1/2 C 


3.23 


9 


4 3/4 C 


11 3/4 C 


2.48 


12 


5 7/8 C 


12 3/4 C 


2.17 


15 


5 1/2 C 


11 C 


2.00 



TABLE XIV 



SUPERPOSITION OF LOADINGS FOR SMALL ELLIPTICAL REINFORCED MODELS 



Mo de 1 A vera ge Fr in ge 0 ra er On 

Number Vertical Axis Horizontal Axis 



4 

7 

10 

13 



2 C 

2 1/2 C 

3 C 



9 7/8 C 
9 3/8 C 
10 1/8 C 
10 1/8 0 



9 5/8 C 



Stress Concentration 
Fa ctor 

4 . 94 

3-75 

3.33 

3.12 

2.96 
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16 



3 1/4 C 
3 1/8 C 



TABUS XV 



SUPERPOSE 


T 7 .0\ OF LO 


A DIN 03 FOR 1AF 


MtF Ell 


:i d iOAI, REIN 


FORCE D 


MODE 


Model 


Average 


Fringe Order On 


Stress Cone 


entrat 


ion 


Number V 


.- ‘Meal Ax 


is Horizontal 


Axis 


_ 1 actor 






5 


1 3/4 C 


10 


0 


5.71 






8 


2 1/2 C 


10 3/8 


C 


4. 15 






11 


3 C 


10 3/4 


c 


3.58 






14 


3 3/8 C 


10 5/8 


c 


3.15 






17 


3 3/8 C 


10 3/4 


c 


3.19 







MO DEL 1'hlCKI'jj - oSiiS 

The following average mode], thicknesses have been 
determined by use of a micrometer in the region surrounding 
the circular hole as the reinforcements were added. These 
values are used with equation (20) to determine the stress. 

TABLE XVI 
MODEL THICKNESSES 

Total 

Mod el Nu mbers Num ber o f 3-lu e Lines Average Thickness (h) 



1,2 


0 


0.245 inches 


3,4,5 


2 


0.408 inches 


6,7,8 


3 


0.490 inches 


9,10, 11 


4 


0.575 inches 


12,13,14 


5 


O .655 inches 


15,16,17 


6 


0.735 inches 
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TABLE XVII 



SULKARY OF STRESS 


LEVELS FOR CIRCULAR REINFORCED MOTELS 


Model 

Number 


Superposition of Stress's 
Vertical Axis Horizon':. 1 Axis 


Stress Concentrat ion 
Use >r 


3 


303 C (psi ) 


1338 0 (psi) 


4.45 


6 


362 C 


1170 C. 


3.23 


9 


451 c 


1113 c 


2.48 


12 


490 C 


1064 C 


2.17 


15 


409 C 


818 C 


2.00 






TABLE XVI II 




SUMMARY 


OF STRESS LEVS 


LS FOR SMALL ELLIPTICAL REINFORCED MODELS 


Model 


Superpositic 


n of Stresses 


Stress Concentration 


Number 


Vertical Axis 


Horizontal Axis 


Factor 


4 


268 C (psi) 


1321 C (psi) 


4 . 94 


7 


27 0 C 


1043 c 


3.75 


o 

1 — $ 


283 C. 


963 C 


3.38 


13 


271 c 


84 5 C 


3.12 


16 


242 C 


715 c 


2.96 






TABLE XIX 




SUMMARY 


OF STRESS LEVELS FOR LARGE ELLIPTICAL REINFORCES MODELS 


Model 


Superposition of Stresses 


Stress Concentrat ion 


Number 


Vertical Axis 


Horizontal Axis 


Factor 


5 


234 G (psi) 


1338 C (psi) 


5.71 


8 • 


278 C 


1158 C 


4.15 


11 


283 C 


1021 C 


3.58 


14 


282 C 


885 C 


3.15 


17 


233 c 


800 C 


3-19 
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TABLE XX 





SUMO' FT OF 


STRESS LV:V;.T.S VQJ- All 


MOPFI 5 


Model 

Numbs 


Superposition _ o f Sires so s St ro s 

r Vertical Ails Horizontal Axis 


Goncentri 

Factor 


1 


780 


C ( p b i ) 


2898 C (psi) 


3.72 


2 


725 


C 


172p C 


2.38 


3 


305 


c 


1338 C 


4.45 


4 


268 


c 


1521 C 


4.94 


5 


234 


c 


1338 c 


5.71 


6 


362 


c 


1170 C 


3.23 


7 


278 


c 


1045 c 


3.75 


8 


278 


-i 
V J 


1158 G 


4.15 


9 


451 


c 


1115 c 


2.48 


10 


285 


c 


963 C 


3.38 


11 


285 


G 


1021 G 


3*58 


12 


490 


C 


1064 G 


2. 17 


13 


271 


G 


845 C 


3.12 


14 


282 


C 


885 c 


3.15 


15 


409 


C 


818 C 


2.00 


16 


242 


C 


715 c 


2.96 


17 


251 


n 


800 C 


3-19 




Equat ion 


( 20 ) was 


used to determine these values. 






rr - ± tlL 
u t h 




(20) 


v;her'e 


Ot 


- Tangential Stress on the Free 


Bo undary 




f 


- Fringe 


Constant ( 54.6 lbs/ in/ order ) 




h 


- T hie line 


ss of model from Table 


XVI 



n - Order of Interference from Tables XII to XV. 
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3 « Coi .i par lg.o n o f Photoelasoi c and Stra in_ Gage J1 •_c hniquef. 

Jpon completion of the ace of the models , a cut, was 
taken on the small e ll.ipt ically reinforced model hole co as 
to true up the edges. A strain gage was then mounted on 
one side of the horizontal axis and the mode 3. loaded to 
700 pounds in line with the frames. 

The photograph in Figure XXIII shows the fringe pattern 
with the strain gage mounted and the model under compression. 

The strain gage had the following characteristics; 

Gage Type; 2A - 13 - 250BB •• 3 20 
Resistance; 320f 0.2 ohms 
Gage Factor; 2.093 - 0.5 % 
lot Number; A14AF46 

In a quarter bridge circuit using an identical gage 
as the external dummy, the strain was ?.6 r (0^ t w hen the fringe 
order was 16 on the free boundary. 

By equation (20): _ 3.190 psi 

From the Strain Gage: (jl « £ E = 2670 x 10~^ x 430,000 

- 1202 psi 

This shows an agreement of about 1% in the two techniques 
of experimental stress analysis. This result is much closer 
than anticipated. 
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D. ORTG- L J, L-iTA 



Fri ng e P at to rn P ho togr y_ b_- 

The fringe orders have been estimated to the nearest 
one quarter order on the four cardinal axes. To aid 3n the 
accuracy the negative for each model from the Polaroid 
Type 55 P/N (Positive/Negative) Film was projected such that 
it was enlarged at least ten times. This magnification 
effect was necessary in order to determine the s.iall changes 
caused by each additional thickness of reinforcement material. 
The pictures became progressively more difficult to analyze 
as successive layers of reinforcement, were cemented to each 
of the three basic geometrical foundation pieces, 

A reference fringe order was determined for each model 
as it was being loaded and so noted, for evaluation of the 
negat ives . 
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FIGURE XVII 



FRINGE PATTERNS FOR CALIBRATION DISKS AND MODEL 1 AND 2 




SMALL CALIBRATION DISK 




LARGE CALIBRATION DISK 




MODEL la 




MODEL lb 




MODEL 2a 



MODEL 2b 
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FIGURE XVIII 



FRINGE PATTERNS FOR WO REINFORCEMENT THICKNESSES 




MODEL 3a 





MODEL 4a 




MODEL 4b 




MODEL 5a 




MODEL 5b 
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FIGURE XIX 



fringe patterns for three reinforcement thicknesses 




MODEL 6a 



MODEL 6b 





MODEL 7a 



MODEL 7b 





MODEL 8a 




MODEL 8b 
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FIGURE XX 



FRINGE PATTERNS FOR FOUR REINFORCEMENT THICKNESSES 




MODEL 9a 






MODEL 10b 




MODEL 11a 




MODEL lib 
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FIGURE XXI 



FRINGE PATTERNS FOR FIVE REINFORCEMENT THICKNESSES 




MODEL 13a 




MODEL 12b 




MODEL 13b 




MODEL 14a 




MODEL 14b 
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FIGURE XXII 



FRINGE PATTERNS FOR SIX REINFORCEMENT THICKNESSES 




MODEL 15a 




MODEL 15b 




MODEL 16a 




MODEL 16b 




MODEL 17a 




MODEL 17b 



92 



FIGURE XXIII 



FRINGE PATTERN AND STRAIN GAGE 
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